Epigenetic regulation is implicated in embryonic development and the control of gene expression in a cellspecific manner. However, little is known about the role of histone methylation changes on human cardiac differentiation and maturation. Using human embryonic stem cells (hESCs) and their derived ventricular (V) cardiomyocytes (CMs) as a model, we examined trimethylation of histone H3 lysine 4 (H3K4me3) and lysine 27 (H3K27me3) on promoters of genes associated with cardiac electrophysiology, contraction, and Ca 2 + handling. To avoid ambiguities due to heterogeneous chamber-specific types, hESC-derived ventricular cardiomyocytes (VCMs) were selected by dual zeocin-GFP expression under the transcriptional control of the MLC2v promoter and confirmed electrophysiologically by its signature action potential phenotype. High levels of H3K4me3 are present on pluripotency genes in hESCs with an absence of H3K27me3. Human ESC-VCMS, relative to hESCs, were characterized by a profound loss of H3K27me3 and an enrichment of H3K4me3 marks on cardiac-specific genes, including MYH6, MYH7, MYL2, cTNT, and ANF. Gene transcripts encoding key voltage-gated ion channels and Ca 2 + -handling proteins in hESC-VCMs were significantly increased, which could be attributed to a distinct pattern of differential H3K4me3 and H3K27me3 profiles. Treatment of hESC-VCMs with the histone deacetylase inhibitor valproic acid increased H3K4me3 on gene promoters, induced hypertrophic growth (as gauged by cell volume and capacitance), and augmented cardiac gene expression, but it did not affect electrophysiological properties of these cells. Hence, cardiac differentiation of hESCs involves a dynamic shift in histone methylation, which differentially affects VCM gene expression and function. We conclude that the epigenetic state of hESC-VCMs is dynamic and primed to promote growth and developmental maturation, but that proper environmental stimuli with chromatin remodeling will be required to synergistically trigger global CM maturation to a more adult-like phenotype.
Introduction

H
uman embryonic stem cells (hESCs) are pluripotent cells that can indefinitely propagate in culture and differentiate into virtually any cell type [1] . Since adult cardiomyocytes (CMs) are terminally differentiated and nonregenerative, significant loss of functional CMs due to aging or myocardial infarction can lead to lethal consequences. Using in vitro differentiation methods, ventricular (V) CMs derived from hESCs are considered as a valuable source for potential cell-based heart therapies and as experimental models for human heart diseases [2] [3] [4] [5] [6] . Previous studies have examined various biological properties of hESC-derived ventricular cardiomyocytes (VCMs), including ion channel development, action potential (AP), Ca 2 + transients, and propagation of electrical signals [7] [8] [9] [10] . Despite the expression of cardiac-specific transcription factors and structural proteins in the hESC-VCMs, it is now widely accepted that both the Ca 2 + handling and electrophysiological properties of hESC-VCMs are immature (reviewed in [11] ) with an underlying basis that is very poorly understood. Furthermore, hESC-VCMs are typically 5 to 10 times physically smaller than adult VCMs, and can generate contractile forces that are only a fraction of the adult level.
Chromatin modifications and epigenetic changes are central to the regulation of gene expression [12, 13] . In particular, histone modifications, including acetylation, methylation, phosphorylation, and ubiquitination, have received considerable attention in recent years [14] [15] [16] [17] [18] . Different histone modification patterns form histone codes, providing specialized binding surfaces that recruit protein complexes containing chromatin remodeling and transcriptional activation or repression activities [19, 20] . Recent studies at the genome-wide level have identified important chromatin patterns of the embryonic epigenetic landscape. During the course of development, a balance between active (H3K4me3-enriched) and silent (H3K27me3-enriched) transcription is maintained by specific histone methyltransferases [21] . The repression of tissue-specific and developmental genes in pluripotent ESC is temporary and dynamic, and is based on the presence of bivalent chromatin domains, which are composed of active (H3K4me3) and repressive marks (H3K27me3), allowing them to become rapidly activated when required at a later stage of development [22] [23] [24] [25] .
With the key objective of understanding the epigenetic regulation in hESC-VCMs, in this report, using chromatin immunoprecipitation (ChIP) assays, patch-clamp and Ca 2 + -imaging techniques, we examined the histone methylation status of hESC-VCMs on genes that are known to associate with pluripotency, cardiac functions, Ca 2 + handling, and crucial ion channels. Collectively, our findings present that dynamic changes in epigenetic landscape in the context of histone methylation-mediated transcriptional regulation underlie human CM development and function.
Materials and Methods
Maintenance and cardiac differentiation of HES2
The hESC line, HES2, was maintained in 37°C with a 5% CO 2 incubator in an mTeSR Ò 1 culture medium (Stem Cell Technologies). A directed differentiation protocol was used to differentiate HES2 into cardiac lineage using the activin A, bone morphogenetic protein-4 (BMP-4), and vascular endothelial growth factor (VEGF) induction, as reported [26] . In brief, on Day 0, HES2 were cultured in suspension to form cardiosphere aggregates using BMP4 (0.5 ng/mL). Day 1-4, the aggregates were incubated in media containing BMP4 (5 ng/mL), basic fibroblast growth factor (bFGF) (5 ng/mL), and activin A (3 ng/mL). Day 4-8, activin A and BMP4 were removed, and replenished with VEGF (10 ng/ mL) and human Dickkopf homolog 1 (150 ng/mL). After Day 8, the cardiospheres were maintained in VEGF (10 ng/ mL) and bFGF (5 ng/mL). The differentiation cultures were maintained in 5% CO 2 /5% O 2 /90% N 2 environment for the first 12 days, and then transferred into a normal 5% CO 2 incubator. Fresh media is supplied every 3 to 4 days.
Isolation and selection of hESC-VCMs
HESC-derived CMs are heterogeneous, containing a mixture of ventricular, atrial, and pacemaker derivatives [7, 8] . To eliminate noncardiac cells and purify hESC-VCMs, cardiospheres were dissociated and replated as single cells on Day 17, and transduced with recombinant lentivirus particle, LVMLC2v-GFP-t2A-zeo at MOI of 5 on Day 18. Zeocin Ô (300 mg/mL) (Life Technologies) was added to the transduced cells from Day 22 to Day 27 to eliminate nonventricular CMs. The effectiveness using MLC2v-promoter lentivirus for ventricular CM selection has been reported previously [27, 28] .
Histone deacetylase complex inhibition
Zeocin selected hESC-VCMs were exposed to valproic acid (VPA) (Sigma Chemical Co., Ltd.) at 2 mM for 48 h. VPA was prepared in the Dulbecco's modified Eagle medium culture medium containing 5% fetal bovine serum.
cDNA synthesis and gene expression analysis by real-time PCR cDNA were prepared using the SuperScript Ò CellsDirect cDNA Synthesis Kit (Life Technologies) following the protocol recommended by the manufacturer. Gene expressions were quantified using StepOnePlus Ô Real-Time PCR system (Applied Biosystems). PCR amplifications were carried out in 96-well optical plates with 20 mL reaction volume, consisting of 100 ng of cDNA template, 5 pmol of forward and reverse primers, and 1 · Power SYBR Ò Green PCR Master Mix (Applied Biosystems). The reactions were incubated at 95°C for 10 min, and followed by 40 to 50 cycles of 95°C for 15 s and 60°C for 60 s. Primer sequences are available upon request.
ChIP assay
The ChIP assay was carried out using the EZ Magna ChIP Ô A/G Kit (Millipore) following the protocol recommended by the manufacturer. In brief, isolated cells (5 · 10 6 cells) were crosslinked in a 1% formaldehyde solution, and then quenched by the addition of 0.125 M glycine. The crosslinked cells were then resuspended in a sodium dodecyl sulfate (SDS) lysis buffer, and the soluble chromatin was sheared to 200-500 bp in length by sonication. Protein A/G magnetic beads and 5 mg of antibodies (H3K4me3-Millipore 07-473 or H3K27me3-Millipore 07-449) were added to the fragmented chromatin and incubated for 2 h at 4°C with rotation. The immunocomplexes were collected by a magnetic separator, washed, and DNA was eluted with 1% SDS and 0.1 M NaHCO 3 . DNA was purified using spin columns, and enrichment of specific histone modifications on gene promoters were quantified by real-time PCR as described above. Control ChIPs were also carried out to test antibody specificity using either no antibody or normal IgG. Primer sequences are available upon request.
Electrophysiology
For electrical recording, the whole-cell configuration of the patch-clamp technique was used with an EPC-10 amplifier and Pulse software (Heka Elektronik). Patch pipettes were prepared from 1.5-mm thin-walled borosilicate glass tubes using a Sutter micropipette puller P-97 and had typical resistances of 3-5 MO when filled with an internal solution containing 110 mM K + aspartate, 20 mM KCl, 1 mM MgCl 2 , 0.1 mM Na-GTP, 5 mM Mg-ATP, 5 mM Na 2 -phospocreatine, 1 mM EGTA, 10 mM HEPES, pH adjusted to 7.3 with KOH. The external Tyrode's bath solution consisted of 140 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 10 mM HEPES, pH adjusted to 7.4 with NaOH. The tip potential was zeroed before the patch pipette contacted the cell.
EPIGENETIC AND ELECTROPHYSIOLOGICAL FUNCTION OF HESC-VCMs
Upon seal formation and followed by patch break, the capacitance compensation was applied. Series resistance compensation was used up to 80%. APs were recorded with the current-clamp mode. Experiments were performed at 37°C. , where F base and F is the measured fluorescence intensity before and after stimulation, respectively, and B is the average background signal from areas adjacent to the targeted cell. The transients rise (V upstroke ) and the transients decay (V decay ) were subsequently calculated and analyzed.
Calcium imaging
Cell volume
The cell volume of hESC-VCMs was determined by immunostaining the fluorescent dye CellTracker Ô Green (Invitrogen). A z-stack image was then obtained with a confocal microscope (Carl Zeiss LSM 510 meta). The 3D image was constructed and cell volume was estimated with the image analysis software Imaris.
Immunofluorescence imaging
hESC-VCMs were fixed with 4% paraformaldehyde and permeabilized with 0.05% Triton X-100. After blocking with 3% bovine serum albumin overnight, cells were incubated with the primary antibody for 2 h (Sarcomeric alpha actinin 
Results
Zeocin-selected GFP-positive LV-MLC2v-GFP-t2A-zeo-transduced hESC-CMs displayed a ventricular phenotype
As reported previously, the expression of a reporter protein driven by the ventricular myosin light chain (MLC2v) promoter enables the identification and isolation of hESC-VCMs [27, 28] . In these experiments, LV-MLC2v-GFP-t2A-zeo transduction was performed, followed by zeocin selection. Figure   1A , B shows a typical pure population of zeocin-selected GFP + cells that were positively immunostained for cTNT, MLC2v, asacromeric actinin, and SERCA2a. Electrophysiologically, all of the GFP + cells (n = 30) displayed an AP waveform ( Fig. 1C ) as well as electrically elicited Ca 2 + transients ( Fig. 1D ) that were typical of hESC-VCMs. Throughout this study, only selected hESC-VCMs were examined to avoid ambiguities due to the presence of other chamber-specific types.
Distinct gene expression profiles of hESCs and hESC-VCMs
As a first step, we compared the differential intensity obtained from microarray profiling [28] of undifferentiated hESCs and hESC-VCMs. Supplementary Figure S1 (Supplementary Data are available online at www.liebertpub.com/ scd) shows a unique pattern of increased abundances for cardiac-specific genes, Ca 2 + -handling proteins, and various cardiac ion channels in hESC-VCMs compared to hESCs; conversely, signal intensities of pluripotency markers, including OCT4, SOX2, and NANOG, were significantly reduced in hESC-VCMs. To validate this trend, the expression levels of several representative pluripotency and cardiac genes in hESCs and hESC-VCMs were further assessed using quantitative real-time PCR. As shown in Fig. 2A , hESCVCMs expressed markers of mesodermal lineage commitment, MESP1, and cardiac progenitor, ISL1. There was also a significant increase in the expression of the cardiac transcription factor Nkx2.5 as well as the cardiac-specific genes cTNT and MLC2v. By contrast, transcripts of pluripotency, including OCT4 and NANOG, were significantly expressed in hESCs, but not hESC-VCMs (Fig. 2B ). As for Ca 2 + -handling proteins ( Fig. 2C) , phospholamban (PLN), dihydropyridine receptor (DHPR), ryanodine receptor 2 (RYR2), junction (ASPH/JCTN), ATPase calcium transporting cardiac muscle slow twitch 2 (ATP2A2/SERCA2), calreticulin (CALR), calsequestrin2 (CASQ2), and triadin (TRDN) all showed a significant increase in their expression levels in hESC-VCMs compared to hESCs. Of note, mRNA transcripts of PLN and CASQ2 were below detectable levels in undifferentiated hESCs. Similarly, examination of voltage-gated sodium channel-SCN5A (Na v 1.5)-hyperpolarization-activated cyclic nucleotide-gated potassium channel-HCN1, HCN2, and HCN4-and voltagegated potassium channels-KCNA4 (K v 1.4), KCND3 (K v 4.3), KCNH2 (ERG1), and KCNJ2 (Kir2.1)-were all upregulated in the hESC-VCMs. No significant difference was detected for HCN3, as the levels of mRNA transcripts were low in both hESCs and hESC-VCMs. Summary of the gene expression analyses is shown in Supplementary Table S1.
Differential enrichment of H3K4tri-methylation and H3K27tri-methylation on gene promoters
The presence of specific methylation marks on gene promoters has been associated with transcriptional regulation. Using ChIP, the levels of H3K4 tri-methylation (H3K4me3-associated with active transcription) and H3K27 tri-methylation (H3K27me3-associated with repressed transcription) on gene promoters ( < 1000 bp from transcriptional initiation site) were compared between hESCs and hESC-VCMs. On promoters of pluripotency genes, OCT4, SOX2, and NANOG, there was an accumulation of H3K4me3 in hESCs (Fig. 3A) , whereas H3K27me3 was enriched on these regions in hESCVCMs (Fig. 4A) . Conversely, H3K27me3 was significantly higher on cardiac genes in hESCs (Fig. 4B ), but H3K4me3 was enriched on the MLC2v, MLC2a, cTNT, and NPPA promoters in hESC-VCMs (Fig. 3B) . These results correlated with the gene expression data. The interplay between H3K4me3 and H3K27me3 were similarly studied on the cardiac ion channel and Ca 2 + -handling genes. While there was a significant increase in H3K4me3 on the PLN, DHPR, ASPH, TRDN, SCN5A, and KCNA4 promoters in hESCVCMs when compared to hESCs (Fig. 3C, D) , reduction in H3K27me3 is observed on PLN, CALR, CASQ2, and TRDN promoters (Fig. 4C) . No statistical differences were detected for H3K27me3 and H3K4me3 on the promoters of other cardiac ion channels and proteins examined (e.g., RYR2, SERCA2, HCN1-4, KCND3, KCNH2, and KCNJ2; Figs. 3 & 4) . Histone deacetylase (HDAC) inhibitors have often been used to hyperacetylate histone tails to increase the accessibility for the binding of transcription factors to promoters for gene activation. VPA (2-propylpentanoic acid) is structurally similar to the well-known HDAC inhibitors, such as sodium butyrate and phenylbutyrate, but it is less potent in terms of inhibition of HDAC than the hydroxymate class, which includes Trichostatin A (TSA) and suberoylanilide hydroxamic acid [29] . Western blotting analysis indicated that 72-h incubation of hESC with 2 mM VPA resulted in the accumulation of hyperacetylated histone H3 and H4 (Fig. 5A) . Furthermore, the active transcription mark, H3K4me3, was enhanced upon VPA treatment. To examine the effect of HDAC inhibition on hESC-VCMs, cells were likewise exposed to 2 mM VPA for 72 h, followed by examining any transcription changes by quantitative real-time PCR. There was 1.5-to 3.5-fold increase in the expression of genes associated with Ca 2 + pump and K + ion channels (Fig. 5B, C) in the VPAtreated hESC-VCMs. The expression of cardiac markers, MYH6 (a-MHC), and hypertrophy markers, NPPA (ANF), also increased by 1.9-and 1.6-fold, respectively (Fig. 5D) . Immunofluorescence imaging showed the accumulation of NPPA in the hESC-VCMs at 72 h following VPA treatment (Fig. 5E) . By counting and measuring the percentage of cell with the perinuclear atrial natriuretic factor (ANF), it is found that 31% of the control hESC-VCMs and 51% of the VPA-treated hESCVCMs were ANF-positive (Fig. 5F ). In addition to the global increase of H3K4me3 upon VPA treatment, immunoprecipitation of H3K4me3-bounded DNA indicated that there was an 3), KCNH2 (ERG1), and KCNJ2 (Kir2.1)] in hESCs and hESC-VCMs were compared using quantitative real-time PCR. Fold change of mRNA expression shown are relative to hESCs, and mean -standard deviations of three independent experiments are indicated. *P < 0.05, **P < 0.01, ***P < 0.001 and n.s., not statistically significant (Student's t-test).
enrichment of this active transcription mark at the chromatin level, by 3-to 10-fold, on the gene promoters of Ca 2 + -pump functions and ion channels (Fig. 5G ). Of interest, the level of H3K4me3 on the NPPA promoter was 91-fold higher in the hESC-VCMs after VPA treatment.
Despite increased gene expression of Ca 2 + -handling proteins and ion channels, hyperacetylation of histone tails by VPA did not lead to significant electrophysiological changes of hESC-VCMs. The percentages of hESC-VCMs that could be captured by electrical stimulations were similar between hESC-VCMs with or without exposure to VPA (P > 0.05). There were also no significant differences in the baseline Ca 2 + -transient amplitude, upstroke velocity, and decay velocity between the untreated controls (noncaptured n = 43; captured n = 12) and the hESC-VCMs incubated with 2 mM of VPA for 72 h (noncaptured n = 25; captured n = 20) (Table 1) . Representative Ca 2 + -transient traces are shown in Fig. 6A . HESC-VCMs were also examined for their responsiveness to b-adrenergic stimulation. Among the hESCVCMs that captured electrical stimulation, b-agonist isoproterenol (ISO) led to a positive chronotropic response, but failed to elicit any inotrophic effects on cells as no significant difference in Ca 2 + -transient parameters was detected (untreated n = 7; VPA-treated n = 12) (Table 1) , consistent with untreated control. In the AP analysis by patch clamp, the electrical properties of the control (n = 25) and VPAtreated (n = 23) hESC-VCMs were similar with no statistical significance (Fig. 6B ), but VPA treatment promoted cell enlargement as indicated by the significant increase in membrane capacitance (Fig. 6C, Table 2 ). In complete accordance with these observations, hESC-VCMs immunostained by CellTracker Ô Green for cell volume measurement were
FIG. 3.
The levels of H3K4tri-methylation on gene promoters in hESCs and hESC-VCMs. Soluble chromatin of hESCs and hESC-VCMs were immunopurified using the H3K4me3 antibody and quantitative real-time PCR was used to measure the level of enrichment on gene promoters associated with (A) pluripotency, (B) cardiac-related genes, (C) Ca 2 + -handling proteins, and (D) sodium and potassium ion channels. Data were normalized to input chromatin and relative to the level of enrichment on the GAPDH promoter (transcriptionally active). Mean -standard deviations of three independent experiments are presented. *P < 0.05, **P < 0.01, and ***P < 0.001 (Student's t-test).
almost three times larger in VPA-treated hESC-VCMs (n = 18) than untreated controls (n = 18) (Fig. 6D ).
Discussion
Characterization of the histone methylation profile and transcriptional regulation of genes encoding for Ca 2 + -handling proteins and cardiac ion channels in this study provide molecular insights of the epigenetic mechanism associated with the electrophysiology functions of hESC-VCMs. In particular, we showed that upon cardiac differentiation, the upregulation of cardiac-specific genes and downregulation of pluripotency maintenance genes are tightly correlated with H3K4me3 (active transcription mark) and H3K27me3 (silent transcription mark). Epigenetic manipulation with a HDAC inhibitor, VPA, increased the expression of genes associated with Ca 2 + -handling proteins and cardiac ion channels, with the enrichment of active H3K4me3 marks on their corresponding gene promoters. Finally, we extended our study to investigate the effect of VPA treatment on the electrophysiology functional properties of CMs. In the process, we discovered that VPA treatment appears to induce developmental hypertrophic growth, as gauged by cell volume and membrane capacitance. These results are further discussed below in the context of driven maturation and mechanistic insights.
Distinct modes of histone modification regulations: hESC-VCMs are epigenetically primed for maturation, but need triggering environmental stimuli
Gene transcription is tightly regulated by three important epigenetic mechanisms, DNA methylation, post-translational
FIG. 4.
The levels of H3K27tri-methylation on gene promoters in hESCs and hESC-VCMs. Soluble chromatin of hESCs and hESC-VCMs were immunopurified using the H3K27me3 antibody and quantitative real-time PCR was used to measure the level of enrichment on genes associated with (A) pluripotency, (B) cardiac-related genes, (C) Ca 2 + -handling proteins, and (D) sodium and potassium ion channels. Data were normalized to input chromatin and relative to the level of enrichment on the Satelite1 region (transcriptionally silenced). Mean -standard deviations of three independent experiments are presented. *P < 0.05, **P < 0.01, and ***P < 0.001 (Student's t-test).
modifications of histones, and ATPase-dependent chromatin remodeling [30] . Chromatin determinants and transcription factors function together for genes to be selectively activated or silenced in response to chemical and environmental stimuli [31] . Previous studies have demonstrated that the H3K4-methylation complex is essential for stabilizing gene expression and physiological functions of CMs [32] . Also, the upregulation of Nkx2.5 is accompanied by the increase of histone H3 and H4 acetylation and the reduction of HDAC1 expression [33] . The histone tails of MYH6 is also targeted by histone acetyltransferases in CMs [34] . Using the hESCVCMs generated by directed differentiation, we not only observed the fundamental changes in gene regulation, including the loss of pluripotency-related genes expression, accompanied by the high expression of mesodermal and cardiac-related genes, we also demonstrated the activation of important genes encoding for proteins that are responsible for the control of Ca 2 + pumping and ion transports between the cytoplasm and sarcoplasmic reticulum lumen. In undifferentiated hESCs, the active OCT4, SOX2, and NANOG promoters are enriched by the active transcription markH3K4me3. Upon CM differentiation, H3K4me3 is lost on these pluripotency gene promoters and the enrichment of H3K27me3 is observed. Furthermore, for the establishment of CM development, dynamic changes of the persisting epigenetic marks occur to create a chromosomal environment that favors the upregulation of genes responsible for CM contraction, Ca 2 + handling, and cardiac ion channels. Our results are consistent with recent next generation sequencing (ChIP-sequencing (SEQ) and RNA-SEQ) analyses, which provide insights for the underlying regulatory mechanism that controls developmental transition in the cardiac lineage [35, 36] ; specific chromatin regulatory patterns are shared among functionally related and coexpressed genes for precise coordination of CM differentiation and development in mouse and human ESC cardiac differentiation models [35, 36] . Interesting findings from genome-wide ChIP-SEQ reveal that unlike early lineage-specific genes that possess bivalent domain on the promoters in undifferentiated state, different subsets of cardiac-related genes have distinct histone methylation landscapes and are not entirely regulated by bivalent methylation. While a complete reversal of active and silent histone marks is found on pluripotency-associated gene promoters, upon CM differentiation, genes involved in mesoderm formation are highly expressed despite being heavily marked by H3K27me3 [36] . Developmental regulators such as cardiac-specific transcription factors are highly enriched for H3K27me3 in the undifferentiated state, which gradually decrease as H3K4me3, H3K36me3, and mRNA expression appear. In contrast, genes encoding for CM contractile and structural proteins, do not have high levels of H3K27me3 deposition at any time [36] . These distinct modes of histone modification regulations have been suggested to exist to ensure that particular gene sets of specific functions can be switched on simultaneously. This is consistent with our postulation that the hESC-VCMs are primed to maturation, but need to be stimulated by the right signals or environmental stimuli. Indeed, we have reported that by mimicking endogenous fetal heart pacing by field stimulation in culture, the regulated rhythmic electrical conditioning of hESC-CMs promotes in vitro electrophysiological Ca 2 + handling, as well as contractile maturation with more organized myofilaments [37] .
Combinatorial approach for driving global maturation
An epigenetic drug that possesses a known inhibitory effect on HDACs was used in this study to modify the transcriptional regulation in hESC-VCMs. Use of HDAC inhibitors in ESC differentiation has been previously reported. For instance, TSA facilitates myocardial differentiation of the murine induced pluripotent stem cell [38] and increases acetylation of GATA-binding protein-4 to promote differentiation of murine ESCs into CMs [39] . VPA is a Food and Drug Administration approved drug that is clinically used as an anticonvulsant, and a mood stabilizing drug for the treatment of epilepsy and bipolar disorder [40] . Recently, VPA has been shown to increase histone acetylation of histone H3 and H4, as well as enhance mono-, di-, and trimethylation at H3K4 [41, 42] . The addition of VPA in hESC-VCM culture augmented the expression of genes important for electrophysiological functions. While no significant difference in AP and Ca 2 + -transient properties was observed, VPA application induces developmental hypertrophic growth, as gauged by cell volume and capacitance, of hESCVCMs that are typically physically 5 to 10 times smaller than the adult. It is possible that in addition to building an epigenetic state that is appropriate for improving electrophysiological functions, a combinatorial approach of simultaneously introducing proper environmental stimuli can couple with chromatin remodeling to synergistically trigger global CM maturation.
To improve the immature electrophysiology, inefficient excitation-contraction coupling and weak contractile force in FIG. 5. Valproic acid (VPA) increased mRNA expression of Ca 2 + -handling proteins and ion channel genes, and induced hypertrophy of hESC-VCMs. (A) hESCs were treated with 2 mM of VPA or 50 ng/mL of Trichostatin A (TSA) for 72 h and protein extracts were resolved on sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by western blotting with either acetyl-H3, acetyl-H4, or H3K4me3 antibodies. Total histone H4 and GAPDH were used to demonstrate equivalent protein loading. hESC-VCMs were treated with 2 mM of VPA for 72 h and mRNA expression of genes related to (B) Ca 2 + -handling proteins, (C) ion channels, and (D) cardiac hypertrophy were measured by quantitative real-time PCR. Mean -standard deviations of three independent experiments are presented. *P < 0.05, **P < 0.01 and, ***P < 0.001 (Student's ttest). hESC-VCMs, re-expression of the proteins important for these functions are essential. Indeed, microarray data suggest that the gene expression levels of PLN, RYR2, ASPH, CASQ2, KCND3, KCNH2, and KCNJ2 in the hESC-VCMs are still lower than the mature CMs [28] , and previous studies that examined the expression of key Ca 2 + -handling proteins and ion channels at the protein level have reported that PLN, CASQ2, TRDN, and ASPH proteins are absent in the hESCVCMs [32, 43] . Our group has previously reported that facilitated maturation by forced expression of CASQ2 can lead to functional improvements in Ca 2 + -handling properties of hESC-VCMs [44] , and overexpression of Kir2.1 alone can even induce an electrical phenotype indistinguishable from that of primary adult ventricular cells [37, 45, 46] . Further investigation into manipulation of epigenetics, proteins, and physiological determinants, in combination, can potentially provide novel means to increase contractility and generate hESC-VCMs of a more mature state.
HDAC inhibition induces hypertrophic growth of hESC-VCMs, but their biological actions are context dependent HDACs are grouped into four classes (I-IV). Class IIa HDACs interact with the transcription factor MEF2 to regulate cardiac hypertrophy. Overexpression of Class IIa HDACs 4, 5, and 9 suppresses MEF2-dependent transcription and agonist-dependent hypertrophy of cultured CMs [34, 47, 48] . In contrast, HDAC5 and HDAC9 knockout mice develop hypertrophy with increased age and show an exaggerated hypertrophic response to pressure overload [34, 49] . On the other hand, Class I HDACs (1 and 2) are reported to promote hypertrophy. Cardiac-specific overexpression of HDAC2 in the transgenic mice model develops cardiac hypertrophy with increased fetal gene expression. Recent studies have demonstrated that Class IIa HDACs are actually relatively insensitive to standard HDAC inhibitors and do not require the catalytic activity to suppress hypertrophic signaling in CMs [50] . This is why HDAC inhibitors, via inactivation of Class I HDACs, generally cause attenuation in hypertrophy [51] [52] [53] [54] . However, it should be noted that the majority of the studies were performed on murine models and hESC-VCMs used in our study actually represent an early stage of CM development, resembling immature fetal-like CMs. While the myosin composition of the ventricular myocardium of a human has been reported to be > 95% b-MHC, from examination of myosin gene expression during CM differentiation, genome-wide microarray, and proteomics analysis (Supplementary Figs. S1A and S2), a-MHC seems to be the predominant myosin isoform in hESC-VCMs. In addition to immature electrophysiology and contractile properties in the hESC-VCMs, their physical size is typically 5 to 10 times smaller than adult VCMs. CMs lose the ability to divide after birth and the adult heart undergoes cardiac hypertrophy in response to exercise, hormonal stimuli, and even genetic influences [55] . Although expression of ANF is a marker of both physiological and pathological hypertrophy in adult ventricular CMs, in the case of immature fetal ventricular CMs, the expression of ANF is most consistent with the development of a working myocardium [56] .
From whole genome analysis, the expression profiles of CMs at different developmental stages vary. Our group has previously demonstrated that miR-1 and -499 have differential effects in hESC-VCMs, fetal-VCMs, and adult-VCMs [10] . Hence, the effect of HDAC inhibition on CMs is also likely to be context-dependent. Indeed, the amount of NPPA mRNA transcripts and the percentage of perinuclear ANF in hESC-VCMs are elevated upon VPA treatment. However, since the hESC-VCMs are in the early stage of development resembling immature fetal-like heart, where the expression of ANF generally indicates a functional myocardium that is undergoing maturation, the upregulation of ANF in VPA-treated hESCVCMs suggests that HDAC inhibition induces growth and physical maturation. In our present study, hypertrophy was assessed by measurements of capacitance, a physical parameter that directly reflects the cell size based on the membrane lipid bilayer; by contrast, a simple increase in the surface area of cells conventionally grown two-dimensionally may not be due to an increase in size, but other changes such as cellular senescence or flattening. Indeed, hESC-VCMs are routinely cultured in monolayer forms, and therefore, it is not possible to assess tissue architecture or hemodynamic load per se, reflecting the urgent need of developing three-dimensional experimental for studying these critical properties.
The involvement of chromatin remodeling is shown by immunoprecipitation of H3K4me3, where the level of H3K4me3 is significantly increased on the ANF promoter following exposure to VPA. Furthermore, the VPA treatment shows increased levels of Ca 2 + handling and cardiac ion channel gene expressions. However, it remains to be determined if this transient inhibition of HDAC could have elicited an epigenetic memory in the CMs as with complications of diabetes, where endothelial cells with prior exposure of hyperglycemia lead to various histone methylation and demethylation events that impact on the gene activity, where proinflammatory pathways are permanently activated [57] . Further understanding of the chromatin remodeling events and how they are linked to cardiac differentiation and maturation will lead to better strategies to pluripotent stem cell-based disease modeling and therapies. 
Conclusion
In conclusion, this study describes a dynamic shift of transcription determining histone methylation marks on the promoters of genes associated with pluripotency maintenance, mesodermal and cardiac lineage, Ca 2 + -handling proteins, and cardiac ion channels in hESCs upon directed CM differentiation. The introduction of transient HDAC inhibition in hESC-VCMs amplifies the expression level of specific genes important for CM functions. The fact that discrete histone modifications have been uncovered on both active and silent promoters highlights the importance of the orchestration of epigenetic mechanisms in transcriptional regulation, and therefore, the phenotype of hESC-VCMs. We conclude that although hESC-VCMs display immature structural and functional properties, their epigenetic state is dynamic and when appropriately activated, display traits consistent with maturation. These findings raise the intriguing possibility of using epigenetic modifiers in combination with other promaturation stimuli such as environmental cues to drive in vitro global maturation of hESC-VCMs toward an adult-like phenotype.
